Azo dyes have been identified as the most toxic of all dyes since they may be converted into potentially carcinogenic and/or mutagenic amines as a result of the reductive cleavage of the azo linkages after being released into the aquatic environment. Azo dyes are extensively used in industries such as textile, paint, plastic, cosmetic and paper. The aim of the present work was to develop a clay-based methodology which could successfully be employed for the removal of dyes from aqueous solution. The adsorption characteristics of C.I. Acid Orange 10 (AO 10) onto montmorillonite (MMT) and surfactant-modified MMT have been studied as a function of the dye concentration, the pH of the aqueous dye solution and the contact time. The dye adsorption efficiency of MMT was found to be much less than that of surfactant-modified MMT (CTAB-MMT and CPC-MMT), with 100% adsorption efficiency being observed for the removal of 160 ppm and 220 ppm of the dye by CTAB-MMT and CPC-MMT, respectively. In both cases, the adsorption data could be fitted by the Langmuir adsorption isotherm.
EXPERIMENTAL

Materials
The montmorillonite clay used in the present study was obtained from Sigma Aldrich, St. Louis, MO, U.S.A., and was used as the host material. The textile dye was obtained from Thomas Baker Chemicals Ltd., Mumbai, India and was used without any further purification. The chemical structure of C.I. Acid Orange 10 is shown below: The surfactants [cetylpyridinium chloride (CPC) and cetyltrimethylammonium bromide, (CTAB)] were obtained from E. Merck (India) Ltd., Worli, Mumbai, India.
Synthesis and characterization of organoclays
Organoclays (surfactant-modified clays) were prepared via a cation-exchange process employing a modification of the reported procedure (He et al. 2007 ). The samples thus prepared are designated below as CPC-MMT and CTAB-MMT, respectively. The surfactant loading on the clay was found to be Ͼ 55%. The following analytical techniques were employed to characterize the synthesized organoclays.
X-Ray diffraction studies
X-Ray diffraction (XRD) patterns of MMT, CPC-MMT and CTAB-MMT were recorded using Cu Kα radiation (n ϭ 1Å) on a Philips XЈ Pert-PRO PMRD system operating at 2θ values of 3-15Њ.
Thermal analysis
Thermogravimetric and differential thermal analyses (TGA and DTA) of MMT, CPC-MMT and CTAB-MMT were performed using a Perkin-Elmer system operating in air at a temperature ramp of 10 ЊC/min.
Fourier-transform (FT-IR) infrared spectroscopic studies
FT-IR spectra were recorded using a Perkin-Elmer FT-IR spectrophotometer. The spectra of the samples contained in a KBr matrix were recorded at room temperature over the wavenumber range 4000-400 cm Ϫ1 employing a total of 64 scans at a resolution of 4 cm Ϫ1 .
Surface area measurements via BET techniques
The specific surface areas of the samples calculated by the BET method were determined using an ASAP Micromeritics 2420 instrument employing nitrogen as the adsorbate at -196 ЊC.
Adsorption studies
The aqueous dye solution was found to be stable towards pH changes over the pH range 1-10 (see Figure 1 ). Employing the batch method, the adsorption behaviour of Acid Orange 10 onto MMT, CPC-MMT and CTAB-MMT was investigated as a function of (1) the pH of the aqueous dye solution, (2) the contact time for batch adsorption and (3) the concentration of the dye solution. 
CPC CTAB
Each experiment was performed using 0.1 g of adsorbent at 30 ЊC. For studying the effect of pH on the adsorption process, separate batches of the aqueous dye solution (0.05 dm 3 of 80 ppm concentration) at pH values within the range 1-10 were treated with the adsorbents for a period of 40 min. The effect of contact time on the adsorption process was studied by allowing the aqueous dye solution (0.05 dm 3 of 80 ppm concentration) to remain in contact with the adsorbents for periods of 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 40, 60, 90 and 120 min, respectively. It should be borne in mind that the pH value of most industrial effluents containing the dye solution is generally around 4 to 5. Therefore, the dye solution was maintained at pH 4.5. Finally, to study the effect of the adsorbate concentration (40-300 ppm) on the adsorption process, the pH of the aqueous dye solution was maintained at 4.5 and treated with the adsorbents for a period of 40 min. After each batch adsorption, the adsorbent was recovered by centrifugation at 10 000 rpm for 20 min using an REMI R24 centrifuge. The supernatant thus obtained was used for the spectrophotometric estimation of the absorbance of the unadsorbed dye in solution at a wavelength of 480 nm via a Jena Analytik Specord 250 spectrophotometer. The concentration of the unadsorbed dye was determined from the corresponding Beer-Lambert plot with the percentage of the dye adsorbed, β, being calculated using equation (1):
where C i is the initial concentration (ppm) of the dye solution and C e is the concentration of the dye (ppm) in the supernatant at the equilibrium stage. The amount of dye adsorbed, q e (mg/g), was calculated via the mass-balance relationship shown in equation (2):
(2) where V is the volume of the dye solution (dm 3 ) and m is the mass of adsorbent employed (g). 
RESULTS AND DISCUSSION
Characterization of organoclays
XRD studies
The XRD patterns of MMT, CPC-MMT and CTAB-MMT in the 001 plane demonstrated an increase in the basal spacing, d, indicating a relative layer expansion in the clay. This increase ranged from 13.87 Å to 17.7 Å for CPC-MMT and from 13.87 Å to 17.99 Å for CTAB-MMT (see Figure 2 overleaf). The increased basal spacing in the case of the organoclay samples suggests the successful intercalation of CPC and CTAB into the interlayer spacing of MMT (Xiao et al. 2005) . The structure of montmorillonite (MMT) is shown schematically below:
Surface area measurements via the BET method
Application of BET analysis to the respective nitrogen isotherms measured at -196 ЊC showed that the specific surface areas of MMT, CPC-MMT and CTAB-MMT were 2.87 m 2 /g, 8.2 m 2 /g and 9.82 m 2 /g, respectively. This increase in surface area may also be attributed to an increase in the basal spacing, d, and to the creation of microporosity due to intercalation of the CPC and CTAB surfactants into the clay layers.
FT-IR spectroscopic studies
To confirm the presence of surfactants in the interlayer region of the silicate layers in MMT, the corresponding FT-IR spectra were recorded over the 400-4000 cm Ϫ1 wavenumber region (see Figure  3 ). The absorption band at 1049 cm Ϫ1 -which is a characteristic band in the IR spectrum of MMT -was assigned to Pairs of strong absorption bands at 2925, 2852 cm Ϫ1 and 2925, 2853 cm Ϫ1 were observed in the spectra of CPC-MMT and CTAB-MMT, respectively. The bands at 2925 cm Ϫ1 and 2853 cm Ϫ1 were assigned to the C-H antisymmetric and C-H symmetric vibration modes, respectively, arising from the methylene groups of CPC and CTAB. The presence of these bands in the spectra of the organoclays indicates the presence of surfactant in the clay matrix. In case of CPC-MMT and CTAB-MMT, the vibrational bands at 3449 cm Ϫ1 and 3451 cm Ϫ1 , respectively, were assigned to the H-O-H stretching vibrations of sorbed water. However, the intensity of these peaks was low in comparison to the situation with MMT, as intercalation of the surfactant into the interlayer region (as confirmed by XRD) led to displacement of the water molecules. This is also the reason for the occurrence of distinct sharp peaks at 3631 cm Ϫ1 and 3632 cm Ϫ1 in the spectra of CPC-MMT and CTAB-MMT, respectively, since the extent of hydrogen bonding would be diminished in these cases. The absorption band at ca. 1480 cm Ϫ1 corresponded to the ammonium ion (Xiao et al. 2005) , whilst that at ca. 1469 cm Ϫ1 was assigned to the bending vibrations of the methylene group. The presence of all these bands suggests the occurrence of organic cations in the interlayer region of the silicate layers.
Thermal studies
The TG and DTA patterns of MMT, CPC-MMT and CTAB-MMT are shown in Figures 4(a) and (b), respectively. In the TG curve for MMT, the first weight loss of 9.5% observed between 36 ЊC and 111 ЊC was attributed to the removal of physically adsorbed and interlayer water. This is also evident from the DTA pattern of MMT which shows three endothermic peaks; the first two peaks correspond to the loss of surface adsorbed water and interlayer water, respectively. The third weight loss of 11% between 500 ЊC and 900 ЊC in the TG curve of MMT corresponded to dehydroxylation, a process which was also evident from the third broad endotherm in the DTA curve centred at ca. 580 ЊC. Weight losses of 4% and 2% over the temperature range 30 ЊC to 210 ЊC were also observed in the TG patters of CTAB-MMT and CPC-MMT, respectively, and were again attributed to the loss of physically adsorbed water [ Figure 4 (a)]. The DTA patterns for these organoclays depicted in Figure 4 (b) also show corresponding endothermic peaks. However, the TG and DTA patterns for both the organoclays showed the absence of interlayer water and a substantial decrease in surface adsorbed water relative to the situation with MMT. This is again supportive of the successful intercalation of the surfactant into the clay interlayer and onto its surface. Over the temperature range 210-350 ЊC, weight losses of ca. 11% and ca. 9.5% were observed for CTAB-MMT and CPC-MMT, respectively, in the corresponding TG curve [ Figure 4(a) ]. The DTA patterns [Figure 4(b) ] also showed exothermic peaks at 320 ЊC and 380 ЊC for CPC-MMT and CTAB-MMT, respectively. These exothermic peaks are attributed to the decomposition of the surfactants. In the case of CTAB-MMT, an exothermic peak along with a shoulder was observed in the DTA curve, thereby suggesting a two-step decomposition of the intercalated surfactant (Xie et al. 2001) .
Weight losses of 13% and 15.5% were observed over the temperature range 350-660 ЊC in the corresponding TG curves for CTAB-MMT and CPC-MMT, respectively. These weight losses correspond to the oxidation of residual organic carbonaceous residues. Over the temperature range 650-800 ЊC, final weight losses of 4% and 3% were observed for CTAB-MMT and CPC-MMT, respectively, which were attributed to the loss of structural water due to dehydroxylation. The corresponding DTA patterns also showed broad endothermic peaks centred at ca. 580 ЊC.
Adsorption studies
Adsorption as a function of the pH of the aqueous dye solution
The adsorption isotherms for Acid Orange 10 dye onto CPC-MMT and CTAB-MMT exhibited 100% uptake over the entire pH range from 3 to 10. However, the uptake was much less in the case of MMT, exhibiting a maximum of 60% removal at pH 3.0 and remaining almost constant at an uptake of 58% uptake up to pH 10.0 (see Figure 5 ). Since MMT possessed a greater amount of surface and interlayer water, it was more susceptible to changes in the pH values. In contrast, the dye uptake by the surfactant-modified clay samples remained virtually independent of the pH of the dye solution from a pH value of 3 to a pH value of 10 as shown by the corresponding data in Figure 5 .
On the basis of the corresponding structures of the dye and surfactant molecules, the possibility arises of electrostatic interaction occurring between the positively charged head-group of the surfactant and the negatively charged sulphonic acid group in the dye. The uptake by the organoclays was high because 308
Manpreet the surfactant loading was in excess of the cation-exchange capacity (surfactant loading 110% of CEC or 1.1-times CEC). This suggests that the surfactant molecules covered the clay surface -probably in a bilayer arrangement -after complete interlayer exchange with the hydrated cations which gave rise to the electrostatic interaction between the surfactant and the dye. Since the UV-vis spectrum of the aqueous solution of the surfactant showed no change with a change in pH ( Figure 6 ), it follows that dye adsorption by the organoclays remained virtually independent of the pH of the medium.
Adsorption as a function of contact time
As a function of contact time, the uptake of Acid Orange 10 dye by CPC-MMT and CTAB-MMT was very rapid, with adsorption attaining a value of 100% within 5 min and being maintained up to 120 min. This contrasts with the situation with MMT, where the maximum uptake was only 54% which was attained after 40 min (see Figure 7 overleaf). Although the percentage adsorption was almost 100% within 5 min for the organoclays, an optimum time of 40 min was selected for the batch adsorption process. As a consequence, it was possible to observe a decrease in the percentage adsorption of MMT after the attainment of a maximum value. This decrease in the percentage removal of the dye may have been due to a desorption process. Figure 8 overleaf shows that the percentage adsorption of Acid Orange 10 dye decreased as the initial dye concentration in the system increased. In case of CPC-MMT, 100% dye removal was observed up to 220 ppm concentration of the dye while, in the case of CTAB-MMT, 100% dye removal was observed up to 160 ppm concentration of the dye. The decrease in the dye uptake with increasing concentration might be due to the lack of available adsorption sites for the dye molecules at high initial concentrations of Acid Orange 10 dye. 
Adsorption as a function of the initial dye concentration
Adsorption isotherms
The adsorption isotherms of Acid Orange 10 dye onto CPC-MMT and CTAB-MMT, as shown overleaf in Figure 9 (a), were of L-type according to the Giles classification (Giles et al. 1960) . In this type of isotherm, the initial portion provides information about the availability of active sites to the adsorbate, while the plateau corresponds to monolayer formation. The initial curvature indicates that a large amount of dye was adsorbed at lower dye concentrations, since more active sites of surfactant-modified MMT were available for the dye molecules. However, as the dye concentration increased, it became increasingly difficult for dye molecules to find vacant sites and hence monolayer formation occurred. The adsorption data for Acid Orange 10 onto CPC-MMT and CTAB-MMT were investigated to see whether they could be fitted by the Langmuir isotherm model. This isotherm assumes that the interlayer forces decrease rapidly with distance and consequently predicts the existence of monolayer coverage of the adsorbate on the outer surface of the adsorbent. The Langmuir equation is based on the assumption of a structurally homogeneous adsorbent where all the sorption sites are identical and energetically equivalent (Ozacan and Ozcan 2004). Hence, the sorbent has a finite capacity for the sorbate and, as a consequence, a saturation value is attained beyond which no further sorption can occur.
The Langmuir isotherm equation may be expressed in a linearized form as shown in equation (3):
( 3) where q max is the monolayer capacity of the adsorbent (mg/g) and K L is the Langmuir adsorption constant (dm 3 /mg). The plot of C e /q e versus C e was linear [see Figure 9 (b)], with a slope equal to 1/q max and an intercept equal to 1/(q max K L ). The correlation coefficient, R 2 , and the values of q max and K L for all the three adsorbents studied are listed in Table 1 . In contrast to the situation with MMT, where the R 2 value was 0.8852, the R 2 values for both CPC-MMT and CTAB-MMT indicate that the adsorption of Acid Orange 10 onto these adsorbents was well fitted by the Langmuir isotherm. The q max values for the adsorption of AO 10 onto the reported adsorbents listed in Table 1 are compared in Table 2 with the corresponding values for other adsorbents cited in the literature, many of which were different both chemically and structurally from the adsorbent employed in the present study. Except for sawdust-containing adsorbents, the maximum adsorption capacities exhibited by clay (MMT) and the organoclays were much higher. The essential characteristics of the Langmuir equation can be expressed in terms of a dimensionless constant which is defined as: (4) where K L is the Langmuir constant (dm 3 /mg), which is used to determine the enthalpy of adsorption, and C i is the highest initial dye concentration employed. The value of R L indicates whether the type of isotherm observed is unfavourable (R L Ͼ 1), linear (R L ϭ 1) or favourable (R L Ͻ 1) (Baskaralingam et al. 2006) . The R L values are listed in Table 1 along with the other Langmuir constants obtained. For all the adsorption studies of Acid Orange 10 dye onto MMT, CPC-MMT and CTAB-MMT, the R L values were in the range 0 Ͻ R L Ͻ 1, indicating that the adsorption process was favourable.
The magnitude of K L also quantifies the relative affinity between an adsorbent and the adsorbent surface. The higher value of K L also observed in the case of CPC-MMT demonstrates the higher ability of this adsorbent to adsorb dye molecules and form stable complexes. The applicability of the Langmuir adsorption isotherm model to the adsorption data for CPC-MMT and CTAB-MMT suggests a homogeneous distribution of active sites on the organoclays, with monolayer coverage of the dye molecules occurring on the modified clay surface.
Adsorption kinetics
The kinetic adsorption data were measured in an attempt to understand the dynamics of the adsorption process. The kinetic data were treated with the pseudo-first-order kinetic model whose differential equation has the form: where q e and q t relate to the amounts of dye (mg/g) adsorbed at equilibrium and at a time, t (min), respectively, and k 1 (min Ϫ1 ) is the equilibrium rate constant of the pseudo-first-order adsorption process. Integrating equation (5) for the boundary conditions t ϭ 0, q t ϭ 0 and t ϭ t, q t ϭ q t gives:
which is the integrated rate law for a pseudo-first-order reaction. Equation (6) can be re-arranged to obtain the linear form:
which means that a plot of log(q e -q t ) versus t would be linear with a slope of -k 1 /2.303t and an intercept of log q e [see Figure 10 (a)].
The kinetic data were further treated with the pseudo-second-order kinetic model which describes the dependence of the rate on the sorption capacity but not the concentration of the adsorbate (Ho 2004) . The differential equation for the pseudo-second-order kinetic model takes the form:
where k 2 is the equilibrium rate constant [g/(mg min)] for the pseudo-second-order adsorption process. Integrating equation (8) with the boundary conditions t ϭ 0 , q t ϭ 0 and t ϭ t, q t ϭ q t gives: which is the integrated rate law for a pseudo-second-order reaction. Equation (9) can be rearranged to a linear form:
(10)
Employing this equation and plotting t/q t versus t gives a straight line of slope 1/q e and intercept [see Figure 10 Manpreet Kaur and Monika Datta/Adsorption Science & Technology Vol. 29 No. 3 2011 Table 3 lists the equilibrium sorption capacity (q e ), the correlation coefficient, R 2 , and the rate constants for the pseudo-first-order (k 1 ) and pseudo-second-order (k 2 ) models. The data demonstrate good compliance with the pseudo-second-order rate law rather than the pseudofirst-order rate law because the correlation coefficients were all extremely high (~ 1.000). This shows that the pseudo-second-order kinetic model provided a better explanation of the kinetic adsorption data obtained in the present study. The pseudo-second order model is based on the assumption that the rate-determining sorption step may be chemical in nature, involving valence forces through the sharing or exchange of electrons between the sorbent and the sorbate (Malarvizhi and Sulochana 2008) . This was probably true in the present case since the surfactant loading was in excess of the cation-exchange capacity of MMT, such excess surfactant covering the surface of MMT and making it positively charged. This would allow electrostatic interaction between the anionic Acid Orange 10 dye and the clay surface.
MECHANISM OF THE ADSORPTIVE PROCESS
In order to ascertain the mechanism of the adsorptive removal of Acid Orange 10 dye by CPC-MMT and CTAB-MMT, the interaction between the dye and surfactant in aqueous solution was investigated using UV-vis spectroscopy (see Figure 11 below). The UV-vis spectrum of the CTAB surfactant exhibited no absorption bands, whereas that for the CPC surfactant exhibited an absorption at 215 nm and a group of overlapping bands at 260 nm. Acid Orange 10 (AO 10) exhibited absorptions at ca. 230, 260 and 480 nm, respectively The peak at 480 nm was assigned to an n-π* transition, the band at 320 nm was assigned to a π-π* transition related to the aromatic ring attached to the NϭN group in the dye molecule, while the band at 230 nm was assigned to the π-π* transition of the aromatic benzene ring. On interaction with surfactants, a shift in the shoulder of the 480 nm band towards longer wavelengths was observed. Such interaction between the dye and the surfactant (CPC) has been further confirmed by FT-IR studies in the ATR mode (see Figure 12 and data listed in Table 4 below). As mentioned above, the surfactant loading onto MMT was in excess of its CEC; in such a situation the organoclay surface will behave as a positively charged surface:
The FT-IR studies indicated that a definite interaction occurred between the sulphite group of the dye molecule and the pyridinium ion (positive head) of the surfactant. The presence of new vibrational bands (SD1 to SD7) in the IR spectrum confirmed the interaction of AO 10 with CPC. The sulphite group of the dye [corresponding to bands D1 to D6 (Muthukumar et al. 2007)] interacts with the pyridinium ion [corresponding to bands S1 to S5 (Clements et al. 1973) of the CPC in the following manner: Because of the negative surface charge of the clay, the surface of natural montmorillonite is not an effective adsorbent for the removal of anionic species from aqueous solution. However, the surface charge of natural MMT can be made positive by treating it with cationic surfactants (CPC and CTAB) in excess of the cation-exchange capacity of the clay. The organoclay thus obtained can act as a host material for localizing the anionic dye on its surface and hence act as an efficient adsorbent for the removal of AO 10 from aqueous solution. This process can therefore be successfully utilized for the removal of anionic toxic dyes from aqueous solution allowing the beautifully coloured dye-adsorbed clay thus recovered to be used further as a colourant in various applications (work is already in progress in this direction).
CONCLUSIONS
The results of the present investigation indicate that the organoclays CPC-MMT and CTAB-MMT can be utilized for the removal of AO 10, a non-biodegradable toxic textile dye. Thus, up to 11 mg (220 ppm of a 0.05 dm 3 solution) and 8 mg (160 ppm of a 0.05 dm 3 solution) of the dye were completely removed (100% uptake) from aqueous solution by 100 mg of CPC-MMT and CTAB-MMT, respectively. The corresponding dye uptake by the montmorillonite clay (MMT) was 1.5 mg (50 ppm of a 0.05 dm 3 solution, 58% uptake) per 100 mg of MMT. Unlike MMT, the organoclays exhibited pH-and time-dependent adsorption over the entire range of adsorption studies reported.
